Given the limited observed and reliable data for solar irradiance in rural parts in South Africa, a correlation equation of the Angström-Prescott linear type has been used to estimate the regression coefficients in the Vhembe District, Limpopo Province, South Africa. Five stations were selected for the study, with the greatest distance between stations less than 180 km. Monthly regression coefficients were derived for each station based on an observation dataset of sunshine duration hours and global horizontal irradiance. The correlation coefficients appear to be above 0.9. The representative Angström-Prescott model for the Vhembe Region was found by collating the data for each station and then averaging the respective correlation coefficients. This paper presents the generated regression coefficients for each station and for the Vhembe Region.
Introduction
Limpopo Province is situated in the north-eastern part of South Africa and it incorporates about 10% of South Africa's total land. Over 75% of households within this province rely on alternative fuel for cooking and heating (El-Sebaii et al., 2005) of which less than 1% is reliant on solar systems; even though the province has solar energy potential to support all of the province's energy demand. It is identified that the quantitative knowledge of solar surface irradiance would better help in initiatives such as the leveraging of financial support for solar energy projects, for designing of efficient solar energy systems and for the planning of cost effective maintenance solutions.
An attempt is now made for a quantitative knowledge of the solar resource. The limited in-situ observations for solar irradiance data across the province makes it necessary to consider model predictions. Modelling provides the means for generating global solar irradiation predictions at different sites where the measured data is unavailable. This paper reports on the regression coefficients of the Angström-Prescott linear regression model to predict average daily global solar radiation for one of the five regions in the Limpopo Province, namely the Vhembe Region.
Methodology

Regression model
The total solar irradiance (H T ) on a horizontal surface at ground is the sum of the sun's direct beam () (B Horizontal ) and sky diffuse (D Horizontal ) solar irradiance. That is: In a similar manner, the sun's direct beam reaching the surface is the cloudless index given by the ratio of instantaneous actual sunshine hours (N a ) to a predicted possible sunshine hours (N p ). Equation (1) is then represented as:
( 2) The factor α is introduced to account for atmospheric scattering and attenuation by air particles such as water, dust, aerosols and gases. In its simplest form, with D Horizontal and α as regression parameters, Equation (2) leads to the basic Angström-Prescott model to predict solar irradiance at any location. So, estimation of the monthly average daily global solar radiation ( i , MJ/m 2 ) on a horizontal surface, at a particular site, is given by Angström-Prescott (Angstrom, 1924) and (Iqbal, 1983) as:
( 3) where a and b are now the regression coefficients to be determined, is the monthly average horizontal extra-terrestrial solar radiation. and are daily average duration of the actual and predicted possible sunshine hours respectively. The parameters and are computed according to the deterministic expressions given in, for example (Iqbal, 1983) , (Garg et al., 2002) and (Rai, 2009 ).
Data accessibility
It follows from equation (3) that a linear regression analysis between clearness index and cloudless index will directly lead to the estimation of the Angström-Prescott coefficients a and b. and have fixed values for a geographic location, as shown. ** and ** vary temporally and depend on the site specific climatic conditions. They are gotten from observation with pyranometers and sunshine recorders, respectively. ** for the stations in this study was obtained from the South African Weather Services (SAWS). The SAWS network uses Campbell Stokes sunshine recorders to measure the actual sunshine hours. ** data is from the Agricultural Research Council (ARC). The ARC and SAWS networks do not overlap so 5 locations were selected such that the ARC/SAWS pairs are in close proximity to one another.
The data set considered is from 1 January to 31 December, 2010. This data set was quality checked to remove outliers, which included removing data points if the clearness index was greater than 1, as well as data points with little or no correlation between observed sunshine duration and global horizontal solar irradiance.
Statistical analysis
The generated regression equations for each site were used to calculate the monthly average daily global solar radiation. These values of global radiation were then compared against the measured data for the locations. The accuracy of the estimated horizontal global solar radiation data against the 'true data' is tested by calculating the mean bias error (MBE), root mean squared error (RMSE) and t-statistic. The formulas for the statistics indicators and (Stone, 1993) are given by equations (3), (4) and (5), where is the number of data pairs observed and the subscript i ranges from 1 to n. The use of the additional t-statistic is used to assess the reliability of the results. This is because it is possible to have a large RMSE value whilst at the same time a very small MBE. To determine whether the model's estimates are statistically significant, a critical t-value at a = 95% confidence level is taken from the standard statistical tables. That is, t critical = 1.96. In order to analyse the model's estimates at (1 α) confidence level the calculated t must be such that -1.96 ≤ t ≤1.96.
(4) (5) (6)
Study area
The Vhembe Region and selected study points are shown in Figures 1 and 2 , respectively. The study points are: Alldays, Rabali, Mutale, Mhinga and Mulima (see Table 1 for their geographical location). Alldays, which is just outside the Vhembe Region, is included for comparison. Figure 3 shows ********* for the Vhembe Region.
In the Vhembe region, we generally observe winter season during the months of May, June and July. During this period we normally expect lower actual sunshine hours than the other seasons. But the actual sunshine hours is rather more during the year under investigation in winter and this may be attributed to limited absolute clear sky days for that particular year. In addition to that it is always preferable to calibrate the measuring instruments on regular basis in order to get a reliable set of data. Unfortunately, the calibration records are not available for the area under study.
Station specific linear regressions
The ratios of clearness and cloudless indices for the accumulated data sets (that is, data for an annum) are plotted in Figure 4 for the five sites in this study. The figure also shows the coefficient of determination (R 2 ) for the 1 st order linear curve fits for each of the sites. R 2 ≥ 0.9 for over 80 % of the linear regressions. One may assume R 2 < 0.8 as an indication that the investigated data set is questionable in terms of reliability. The reliability of the data set will depend on the implementation of calibration of the pyranometers and general maintenance of the observing instruments. It is noted that only data with R 2 < 0.5 have been excluded from the analysis in this work in an effort to investigate a larger data set. The annual regression coefficients for all the sites have been determined by the linear regression curves to the data sets for the respective sites. The derived annual regression coefficients are given in Table 2 . The table also shows the calculated linear regression coefficients for all stations combined as well as the respective standard deviations. The standard deviations suggest a combined uncertainty of a ± 20% and b ± 11%, which may be acceptable given the uncertainties of raw data. It follows that the annual average linear regression coefficients may be considered representative coefficients for the Vhembe Region. That is, the Angström-Prescott linear regression model for the Vhembe Region in the Limpopo Province may be represented as:
(7) 
Validation of results
The developed model shown as equation (7) is used to estimate the horizontal global solar radiation for the five stations in this study. The respective estimated horizontal global solar radiation is then compared with the measured values. The estimated , * measured , MBE, RMSE and t-statistic for each of the stations is given in Table 3 (with t critical at 5 % = 1.96). The comparison of observed to estimated horizontal global solar radiation for the five locations is given by the plots in Figure 5 . It is assumed that the larger variations (see, for example, Mulima from September to November) may be due to discrepancies in the raw data sets and subsequent filtering process. Also, one may expect larger deviations between * estimated and ** measured when the cloudless indices are very low.
